Rod shape of bacterial cells such as Escherichia coli is mainly regulated by a supramolecular complex called elongasome including MreB actin. Deletion of the mreB gene in rod-shaped bacterium E. coli results in round-shaped cells. RodZ was isolated as a determinant of rod shape in E. coli, Caulobacter crescentus and Bacillus subtilis and it has been shown to be an interaction partner and a regulator of assembly of MreB through its cytoplasmic domain. As opposed to functions of the N-terminal cytoplasmic domain of RodZ, functions of the C-terminal periplasmic domain including a disordered region are still unclear. To understand it, we adopted an in vivo photo-cross-linking assay to analyze interaction partners to identify proteins which interact with RodZ via its periplasmic domain, finding that the RodZ self-interacts in the periplasmic disordered domain. Self-interaction of RodZ was affected by MreB actin. Deletion of this region resulted in aberrant cell shape. Our results suggest that MreB binding to the cytoplasmic domain of RodZ causes structural changes in the disordered periplasmic domain of RodZ. We also found that the disordered domain of RodZ contributes to fine-tune rod shape in E. coli.
| INTRODUCTION
Each bacterium has its own shape, which needs to be maintained and passed down from generation to generation. The maintenance of shape is vital for bacterial growth, as demonstrated by impaired growth of cells with altered shapes (Young, 2006) . The rod shape of the model bacterium Escherichia coli consists of a central cylinder and polar caps. E. coli is surrounded by peptidoglycan (PG), a macromolecule consisting of glycan strands that are cross-linked with short peptides. Purified PG retains the rod shape even in the absence of cellular contents (de Pedro, Quintela, Höltje, & Schwarz, 1997) , indicating that the bacterial shape is determined by the PG layer. Therefore, correct PG synthesis is critical for the rod shape of E. coli. PG of the central cylinder is synthesized by supramolecular complexes (called elongasomes). Elongasomes contain multiple proteins, including enzymes (e.g., penicillin-binding protein [PBP] 2) responsible for synthesizing the cylindrical PG macromolecule and associated regulatory enzymes (den Blaauwen, de Pedro, Nguyen-Distèche, & Ayala, 2008) . Deletion or inactivation of elongasome components results in various shape defects, such as rounded or branched cells (Popham & Young, 2003; Young, 2010) . Such cell-shape mutants show impaired regulation of cellular length and/or width. The cell length is, in general, regulated by the timing and position of cell division; formation of the Z ring, consisting of bacterial tubulin FtsZ, is regulated in time and space (Marshall et al., 2012; Young, 2010) . However, it is largely unknown how bacterial width is regulated at the molecular level.
The bacterial actin protein, MreB, serves as a central regulator of cell-shape parameters by functioning as a scaffold protein for the elongasome complex. Deletion of the mreB gene results in bacteria with a round shape (Doi et al., 1988; Wachi, Doi, Nakajima-Iijima, & Matsuhashi, 1987) , with the mutant cells lacking polarity (Kawazura et al., 2017; Nilsen, Yan, Gale, & Goldberg, 2005; Shih, Kawagishi, & Rothfield, 2005) . MreB missense mutants can be thicker or thinner than wild-type (WT) cells (Defeu Soufo & Graumann, 2006; Kruse, Møller-Jensen, Løbner-Olesen, & Gerdes, 2003; Shiomi et al., 2013) . Therefore, MreB clearly plays a role in regulating both the cell width and cell polarity. As noted above, the bacterial shape is determined by PG, which surrounds the cell. Thus, regulation by MreB (a cytoplasmic protein) must be transmitted to the periplasm, where enzymes (such as PBP2) direct synthesis of the cylindrical PG.
One candidate protein that connects MreB in the cytoplasm to PBP2 in the periplasm is the transmembrane protein RodZ (Alyahya et al., 2009; Bendezú, Hale, Bernhardt, & de Boer, 2009; Shiomi, Sakai, & Niki, 2008) . RodZ homologues have been identified in several bacteria, including E. coli, Caulobacter crescentus, and Bacillus subtilis; in each of these species, RodZ has been shown to interact or colocalize with multiple proteins comprising elongasomes (Alyahya et al., 2009; Bendezú et al., 2009; van den Ent, Johnson, Persons, de Boer, & Löwe, 2010; Muchová, Chromiková, & Barák, 2013; Shiomi et al., 2008; White, Kitich, & Gober, 2010) . Suppressor mutations capable of compensating for a rodZ deletion mutant have been mapped to mreB, mrdA (encoding PBP2) and mrdB (RodA) (Shiomi et al., 2013) . Therefore, RodZ is inferred to be involved in the elongasome complex, potentially providing a connection between MreB and PBP2. E. coli RodZ consists of three domains: the N-terminal cytoplasmic domain (RodZ 1-111 ), the transmembrane domain ) and the C-terminal periplasmic domain (Pereira et al., 2015) . On the basis of the sequence alignment of RodZs from E. coli and B. subtilis, although their sequence similarities are relatively low, EcRodZ 134-235 may be disordered (Figure 1 ). In contrast to the importance of the cytoplasmic domain of RodZ, most of the periplasmic domain is dispensable for RodZ function (Alyahya et al., 2009; Bendezú et al., 2009; Shiomi et al., 2008) . However, it was shown that the periplasmic domain of RodZ (RodZ 134-155 ) was important for linking MreB to PBP2
and/or RodA (Morgenstein et al., 2015) , which is consistent with results obtained from the bacterial two-hybrid assay by Bendezú et al. (2009) (Shiomi et al., 2008) . These observations suggest that the periplasmic disordered domain of RodZ plays roles in linking MreB and PBP2/RodA, and regulation of the cell width.
In this study, we conducted a site-specific in vivo photocross-linking assay to show that RodZ self-interacts through its periplasmic region within cells. RodZ self-interaction was dependent on MreB. Cells encoding RodZ lacking the domain required for self-interaction became longer and wider than WT cells, suggesting that a biological role of RodZ selfinteraction is to fine-tune the rod shape in E. coli.
| RESULTS

| Detection of the in vivo RodZ selfinteraction in a photo-cross-linking assay
To analyze the function of the periplasmic domain of RodZ in detail (especially the disordered domain), we studied interactions between RodZ and other proteins with the periplasmic domain by a site-specific in vivo photo-cross-linking assay (Chin, Martin, King, Wang, & Schultz, 2002; Young, Ahmad, Yin, & Schultz, 2010) . Briefly, an amber mutation (TAG) was introduced into individual codons encoding the periplasmic disordered domain of RodZ (residues indicated by yellow in Figure 1 ), enabling the unnatural amino acid pBpa (p-benzoyl-L-phenylalanine) to incorporate into the RodZ protein and generate RodZ amber variants.
The RodZ protein has a predicted mass of 37 kDa, but is known to migrate in sodium dodecyl sulfate-polyacrylamide F I G U R E 1 Amino acid alignment of RodZs from Escherichia coli (RodZEc) and Bacillus subtilis (RodZBs). Amino acids highlighted in red show the disordered domain shown by NMR analysis (Pereira et al., 2015) . Amino acids changed to amber mutation were highlighted in yellow gel electrophoresis (SDS-PAGE) with an apparent molecular weight of ~55 kDa (Bendezú et al., 2009; Shiomi et al., 2008; Figure 2a (Figure 2a) . However, bands corresponding to both full-length RodZ amber (~55 kDa) and a truncated RodZ (~22 kDa) were detected in the presence or absence of exogenous pBpa. The production of full-length RodZ in the absence of exogenous pBpa presumably reflects suppression (read-through) of the amber codon (see Discussion). We calculated the relative production of the full-length RodZ protein by normalizing the band intensities to that of WT-RodZ expressed from the chromosome in the absence of pBpa. The expression levels of full-length, plasmid-encoded rodZ amber variants grown in the presence of pBpa were within twofold of that in a strain producing WT-RodZ from the chromosome and were essentially the same as that detected in a strain producing WT-RodZ from a plasmid. We then tested whether amount of a truncated RodZ could be reduced if cells were grown in M9 medium supplemented with glucose in the presence of pBpa. However, a truncated RodZ could be still observed in M9-glucose medium ( Figure S1 ). plasmid encoding RodZ Q134amber appeared nominally shorter and wider than ∆rodZ cells producing WT-RodZ. In the presence of pBpa, ∆rodZ cells producing RodZ Q134amber exhibited a nominal restoration to the WT length and width, indicating that the full-length RodZ protein containing pBpa was, at least partially, functional. We next examined whether RodZ amber proteins where pBpa was incorporated could be photo-cross-linked in irradiated cells (Figures 3a and S2 ). Western blotting showed the formation of photo-cross-linked products with molecular weights of ~120 kDa after UV irradiation in strains producing suppressed RodZ amber proteins with individual substitutions spanning positions 139-180. Multiple cross-linked products were detected with proteins harboring substitutions at selected residues, such as 146 ( Figure S2 ). The crosslinked product with RodZ T144amber was faint. We quantitatively analyzed the ratio of band intensities for cross-linked products after normalization to that of the RodZ monomer for a given strain ( Figure S3 ). To investigate whether the more extended region could be cross-linked, including the latter half of the disordered domain and the C-terminal folded domain of RodZ (even though these regions are dispensable for function; Bendezú et al., 2009; Shiomi et al., 2008) , amber mutations were introduced into codons encoding RodZ A200 (disordered domain), RodZ A250 (C-terminal folded domain) and RodZ A300 (C-terminal folded domain (Figure 3b ). To narrow down the region cross-linked between residues A200 and A250, amber mutation was introduced at residues V210, T220, T230 and T240 (Figure 3c ). We could clearly detect cross-linked product of RodZ V210amber and RodZ T220amber and cross-linked product of RodZ T230amber was faint. This seems to be related to the fact that a boundary between the disordered and the C-terminal globular domains is around RodZ P232 (Figure 1 ). Cross-linked products with molecular weights of ~120 kDa plausibly represented a self-interaction of RodZ (~55 kDa) or interactions with PBP2 (~71 kDa) or other proteins.
To identify photo-cross-linked products, we first examined the possibility of RodZ self-interaction. DS1083 cells expressing the rodZ-3xFLAG fusion protein were used for photo-cross-linking assays. BW25113 cells expressing WT-rodZ (without 3xFLAG tag) were used as a control. We carried out the assay using strains producing suppressed RodZ amber proteins incorporating pBpa at either of five positions (141, 152, 200, 250 , and 300) that are widely separated in the domain under study. For the RodZ amber substitution at 141 or 152, Western blotting with an anti-RodZ antibody enabled detection of photo-crosslinked products with molecular weights of ~120 kDa, both in the presence and absence of the FLAG-tagged RodZ protein (Figure 4a , upper gel). Probing the same membrane with an anti-FLAG antibody (M2) showed detectable bands at the same position, but only in cells coproducing FLAGtagged RodZ with E141amber or A152amber mutations ( Figure 4a , lower gel). These results strongly indicated that the photo-cross-linked products represented RodZ homodimers. Cross-linked products from RodZ A200 , RodZ A250 or RodZ A300 were detected after irradiation (Figure 4b , upper gel). However, the ~120-kDa cross-linked products from RodZ A250amber and RodZ A300amber were faint and the molecular weight of the major cross-linked product from RodZ A300amber was lower than that of other variants as shown in Figure 3b ,c. The cross-linked products from RodZ A250amber and RodZ A300amber were detectable using an anti-FLAG antibody, but the bands were faint (Figure 4b , lower gel). Interestingly, the major cross-linked product from RodZ A300amber was not detectable using the anti-FLAG antibody, indicating that RodZ interacted with a protein other than RodZ at the C-terminal folded domain.
| Effects of elongasome complex components on the RodZ self-interaction
Next, we addressed whether other component proteins of the elongasome complex affected the self-interaction of RodZ. We repeated the in vivo photo-cross-linking assay by introducing the RodZ -encoding plasmid into the DS192 (∆mreB), PV1 (∆mreC), YLS6 (∆mreD), DS600 (∆mrdA) or DS962 (∆mrdB) host strains, which were grown in the presence of pBpa. It should be noted that DS192 derived from YLS2, PV1, and YLS6 can be grown in L broth although these genes are essential in rich medium (Bendezú & de Boer, 2008; Vats, Shih, & Rothfield, 2009) . The formation of all RodZ amber photo-crosslinking products tended to decrease in ∆mreB (Figure 5a ). We statistically analyzed the data and found that deletion of mreB significantly affected self-interaction of RodZ at residues 152 and 164. This result suggests that MreB stabilized RodZ selfinteraction. In a complementary experiment, we used A22 (antibiotics known to inhibit MreB assembly) to treat mreB + cells harboring either of the RodZ amber -encoding plasmids. A22 exposure did not appear to decrease the RodZ self-interaction (Figure 5a ). Because treating WT cells with A22 could plausibly mimic the deletion of mreB, the above results appeared to be inconsistent. Therefore, we introduced the F60A mutation in RodZ amber to test whether the self-interaction of RodZ was impaired, even in the presence of MreB. The F60A mutation is known to decrease RodZ binding to MreB (van den Ent et al., 2010) . As shown in Figure 5b , the F60A mutation tended to decrease the self-interaction of RodZ. Statistical analysis showed that the F60A mutation significantly affected self-interaction of RodZ at residues 152 and 164. This result indicated that interaction with MreB helps RodZ self-interaction and that the RodZ dimer is stable even if MreB is disassembled by A22 after the MreB-RodZ interaction occurs. We next examined effects of MreC and MreD. We found that the efficiency of cross-link was not significantly affected by MreC and MreD at all residues tested (Figure 5c,d ).
| Biological significance of the region
between RodZ Q134 and RodZ
P180
Data from previous studies have showed that the periplasmic domain of RodZ is important for maintaining the proper rod shape (Alyahya et al., 2009; Bendezú et al., 2009; Shiomi et al., 2008) and that RodZ links MreB in the cytoplasm to PG synthesis in the periplasm (Morgenstein et al., 2015) . In particular, we have shown that cells producing RodZ had a normal rod shape, whereas cells producing RodZ or RodZ 1-142 had a slightly widened rod shape (Shiomi et al., 2008) . Therefore, to assess the biological function of the RodZ self-interaction in vivo and the relationship between function and subcellular localization, we constructed strains producing sfGFP-RodZ and sfGFP-RodZ mutants lacking residues Q134 to S155 (sfGFP-RodZ ∆134-155 ) or Q134 to P180 (sfGFP-RodZ ∆134-180 ). First, we examined localization of the sfGFP-RodZ fusion protein and its derivatives ( Figure 6 ). All sfGFP-RodZ proteins formed clusters at the cell periphery. We also examined the protein levels of sfGFP-RodZs and found that the production of sfGFPRodZ ∆134-155 and sfGFP-RodZ ∆134-180 was comparable with that of WT-RodZ ( Figure S4 ). These results suggested that the self-interaction of RodZ through the disordered region is dispensable for clustering and its own stability.
However, the average length and width of cells producing sfGFP-RodZ ∆134-155 or sfGFP-RodZ ∆134-180 were longer than those of cells producing WT-RodZ ( Figure 6 ). The length and width of cells producing sfGFP-RodZ ∆134-180 were especially varied in individual cells. Together, these data suggested that one of the biological functions of RodZ binding to MreB and the RodZ periplasmic disordered region between Q134 and P180 is to regulate the bacterial cell shape.
| DISCUSSION
To understand the functions of a protein complex in detail, it is necessary to characterize the component proteins and their interaction networks. Analysis of the elongasome components has showed their roles in regulating the shape of bacterial cells. In this study, we focused on RodZ, as this protein physically and genetically interacts with multiple proteins and is known as a key regulator of the cell shape (Bendezú Genes to Cells IKEBE Morgenstein et al., 2015; Shiomi et al., 2013; White et al., 2010) . Most commonly, the interactions among elongasome proteins have been assessed in bacterial twohybrid assay experiments (Bendezú et al., 2009; White et al., 2010) . In this study, we showed for the first time the in vivo selfinteraction of RodZ in a site-specific photo-cross-linking assay based on read-through of the amber codon. Previously, it was shown that glutamine is incorporated at the amber codon (UAG) in a suppressor-free E. coli strain (Nilsson & Rydén-Aulin, 2003) . Therefore, glutamine may be incorporated in RodZ amber when cells are grown in the absence of pBpa. The production of the full-length RodZ protein increased in the presence of pBpa, compared with its absence. We demonstrated homodimeric cross-linking of RodZ products via the periplasmic disordered domain. In previous studies, it was shown that the N-terminal cytoplasmic domain was required for the interaction of RodZ with itself or with MreB (Bendezú et al., 2009; van den Ent et al., 2010) . It is plausible that the periplasmic domain is a secondary site that regulates the RodZ self-association. As another possibility, considering that we showed that RodZ binding to MreB was required for the RodZ self-interaction, the self-interaction of RodZ in the cytoplasmic domain may have decreased because of reduced binding to MreB.
We found that self-interaction of RodZ in the periplasm was affected by MreB. It is somewhat surprising that MreB affected the self-interaction of RodZ in the periplasm because MreB is a cytoplasmic protein. Hence, we propose that MreB binding to RodZ can induce a structural change in the cytoplasmic domain of RodZ, which is then communicated to the periplasmic domain of RodZ. This structural change may also transmit information from MreB in the cytoplasm to PBP2 or RodA in the periplasm through the transmembrane domain. Consistent with this idea, the F60A mutation in RodZ that impairs the binding to MreB (van den Ent et al., 2010) decreased the self-interaction of RodZ in the periplasm. However, treatment with A22, which induces the depolymerization of MreB filaments (Bean et al., 2009; van den Ent, Izoré, Bharat, Johnson, & Löwe, 2014) , did not affect RodZ self-interaction. We showed that GFP-RodZ still formed clusters upon A22 treatment (Shiomi et al., 2008) . These results are apparently inconsistent with the fact that RodZ self-association and clustering decreased in ∆mreB cells (this study; Bendezú et al., 2009 ). However, it has been shown that RodZ binds to both MreB polymers and MreB monomers (van den Ent et al., 2010) . Therefore, binding to MreB monomers may be sufficient to induce a structural change favorable to the RodZ self-interaction. However, inconsistently, it has been shown that FRET signaling between RodZ and MreB was decreased in cells treated with A22 (van der Ploeg, Goudelis, & den Blaauwen, 2015) . Thus, it remains controversial whether RodZ binds to monomeric MreB. Another possibility is that once the self-interaction of RodZ occurs in the presence of MreB, it is stabilized even if the MreB filaments or clusters are depleted by the addition of A22. This possibility is consistent with the result that RodZ forms filaments or clusters in cells after A22 exposure (Shiomi et al., 2008) . We showed that the length and width of cells producing RodZ ∆134-155 or RodZ ∆134-180 , which lack the selfinteraction domain, were greater than those of WT cells. The length and width varied in the individual cells, especially in cells expressing the shorter disordered domain.
Although it is possible that other proteins (such as MreC and PBP2) interact with RodZ 134-180 , one biological consequence of the RodZ self-interaction would be regulation of the bacterial cell length and width, hence the fine-tuning of rod shape. Further characterization is needed to determine how exactly RodZ multimerization regulates the cell length and width. Recently, the structure of the periplasmic domain of the B. subtilis RodZ protein was solved by NMR spectroscopy (Pereira et al., 2015) . It was shown that the periplasmic domain consists of a disordered region containing residues 131-188 (BsRodZ 131-188 corresponding to EcRodZ 134-235 ),
followed by a globular C-terminal domain. In that report, a RodZ dimer was not observed. This is probably because, according to our results, interaction with MreB in the cytoplasm stabilizes RodZ self-interaction in the periplasm. It has been shown that the disordered region of RodZ is required for the link between cytoplasmic MreB and periplasmic PBP2 or RodA (Morgenstein et al., 2015) . In some proteins, a disordered protein domain can function as a protein-protein interaction domain (Holmes et al., 2016; Patil, Kinoshita, & Nakamura, 2010 In summary, the data generated in this study demonstrate the occurrence of RodZ self-interactions in vivo and define the region required for this self-interaction. The roles of other elongasome components (such as MreC and MreD) in regulating the cell shape remain unknown. The photo-crosslinking assays conducted here, along with genetic and cellbiological assays, are expected to shed light on the in vivo protein networks formed in the elongasome and the role of the complex in determining the cell shape.
| EXPERIMENTAL PROCEDURES
| Bacterial strains, strain constructions and growth media
All the strains used in this study are derivatives of E. coli K-12 and are listed in Table S2 . Primers used for strain constructions are listed in Table S3 . BW25113 is a wildtype (WT) strain (Datsenko & Wanner, 2000) , and DS290, which harbors a ∆rodZ::kan construction, lacks rodZ (Shiomi et al., 2008 (Shiomi et al., , 2013 . Except as noted, the strains were grown at 37°C in L medium (1% bactotryptone [Difco] , 0.5% yeast extract [Difco] , 0.5% NaCl [Wako]) supplemented with ampicillin (100 μg/ml; Wako), chloramphenicol (20 μg/ ml; Wako) and/or kanamycin (50 μg/ml; Wako), as needed. To treat cells with A22 (10 μg/ml; Calbiochem), cells were grown at 37°C for 90 min before addition of A22 to the culture. Cells then were further incubated at 37°C for 90 min. YLS2 (∆mreB::cat; Shih et al., 2005) , kindly provided by Dr. Rothfield, was transformed with plasmid pCP20 using selection for Amp r at 30°C. The resulting strain was incubated at 42°C in the absence of Amp, and colonies that grew were screened for Amp s and Cm s phenotype at 37°C. The resulting transformant was designated DS192 (∆mreB). Cells producing sfGFP-rodZ were constructed as follows. DNA polymerases KOD-plus or KOD-plus-Neo (TOYOBO) were used for PCR. Plasmid pKD3 encoding FRT-CAT-FRT was amplified using primers sfgfp-rodZ1-2 and sfgfp-rodZ2-2. Plasmid pRU195 encoding sfGFP (Shiomi, unpublished) was amplified using primers sfgfp-rodZ3-2 and sfgfp-rodZ4. The second PCR was carried out with these PCR products as templates and primers sfgfp-rodZ1-2 and sfgfp-rodZ4. The PCR product was introduced into strain BW25113 carrying pKD46 (Datsenko & Wanner, 2000) by electroporation. Cells were selected on L plates containing 10 μg/ml Cm. The resulting strain (RU382) was transformed with plasmid pCP20 using selection for Amp r at 30°C. ) and RU802 (sfGFP-RodZ ∆134-180 ) were constructed as follows. Chromosomal DNA of RU382 was amplified using pairs of the following primers; (a) sfgfp-rodZ1-2/sfgfprodZ2-2, (b) sfgfp-rodZ3-2/rodZdelta134-155-r for RU764 or sfgfp-rodZ3-2/rodZdelta134-180-r for RU802, and (c) rodZdelta134-155-f/ispG-r41 for RU764 or rodZdelta134-180-f/ispG-r41 for RU802. Then, the second PCR (d) was
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carried out with the PCR products (a) and (b) and primers sfgfp-rodZ1-2 and rodZdelta134-155-r or rodZdelta134-180-r. Third PCR was carried out with PCR products (c) and (d) and primers sfgfp-rodZ1-2 and ispG-r41. The final PCR product was introduced strain BW25113 carrying pKD46 by electroporation. Cells were selected on L plates containing 10 μg/ ml Cm. The resulting strains (RU763 or RU772) were transformed with plasmid pCP20 using selection for Amp r at 30°C.
The resulting strain was incubated at 42°C in the absence of Amp, and colonies that grew were screened for Amp s and Cm s phenotype at 37°C. The resulting strain was designated RU764 or RU802, respectively. To construct ∆rlmN::cat strain (rlmN: a nonessential gene located upstream of rodZ), plasmid pKD3 encoding FRT-CAT-FRT was amplified using primers rlmN-P1 and rlmN-P2. The PCR product was introduced into strain RU383 carrying pKD46 by electroporation. To construct a strain producing RodZ-3xFLAG, a chromosomal DNA of SN208 (Nozaki, Webb, & Niki, 2012 ; kindly provided by Dr. Nozaki) carrying panD-3xFLAG and frt-cat-frt was amplified using primers rodZFLAGH1 and rodZ-mCherry-H2-2. The PCR product was introduced into strain BW25113 carrying pKD46 by electroporation. The resulting strain was designated DS1083 (rodZ-3xFLAG).
| Plasmids
Plasmids used in this study are listed in Table S4 . rodZ was amplified by PCR. rodZ sequences encoding amino acid residues 134-155 were deleted by a two-step PCR method. KOD-plus or KOD-plus-Neo polymerase (TOYOBO) was used for amplification of gene sequences. Both PCR products were double-digested with EcoRI and HindIII and cloned into the corresponding sites of pHSG575 (Takeshita, Sato, Toba, Masahashi, & Hashimoto-Gotoh, 1987) . Plasmids required for site-specific in vivo photo-cross-linking assay (rodZ amber ) were constructed as follows. An amber mutation (TAG) in the specified codon of the rodZ gene or F60A mutation was introduced by a two-step PCR method. The PCR products were double-digested with EcoRI and HindIII and cloned into the corresponding sites of pDSW210. Plasmid pEVOL-pBpF was purchased from Addgene (Addgene plasmid # 31190; Chin et al., 2002; Young et al., 2010) .
| Anti-RodZ antiserum production
To raise antiserum against RodZ 1-111 (the cytoplasmic fragment of E. coli RodZ, corresponding to amino acid residues 1-111), we constructed a modified rodZ gene that encoded RodZ 1-111 with an N-terminal 6× His (His 6 ) tag. Strain KRX harboring pDS546 (a plasmid that carries his 6 -rodZ 1-111 ) was grown overnight at 37°C in L broth supplemented with Kan and 0.25% glucose. Cells were diluted 100-fold into fresh L broth supplemented with Kan and incubated for 3 hr at 37°C.
Cells then were transferred to 25°C and incubated for 30 min. Rhamnose (0.1%; Wako) was added to the culture, and the cells were incubated at 25°C overnight. Cells were harvested by centrifugation and resuspended in Buffer A (50 mmol/L NaPO 4 [pH 7], 300 mmol/L NaCl) supplemented with one tablet of EDTA-free protease inhibitor cocktail (Roche). The suspension then was supplemented with lysozyme (1 mg/ml; Sigma), Triton X-100 (1%) and Benzonase (Novagen). The mixture was incubated for 1 hr at 37°C, sonicated and centrifuged at 13,000 × g for 20 min at 4°C. The supernatant containing His 6 -RodZ 1-111 was mixed with Talon metal affinity resin (Clontech) equilibrated with Buffer A. After overnight incubation at 4°C, the mixture was centrifuged and the supernatant was removed. The resin was resuspended in Buffer A and centrifuged. This step was repeated two times. His 6 -RodZ 1-111 was eluted using Buffer A containing 150 mmol/L imidazole. The protein was used to immunize rabbits, and anti-RodZ antiserum was isolated by Biogate (Gifu, Japan).
| Site-specific in vivo photo-crosslinking assay
Cells carrying pEVOL-pBpF and plasmid encoding rodZ amber were grown to log-phase in the presence or absence of p-benzoyl-L-phenylalanine (pBpa; Watanabe Chemical Industry). Then, cells in a 35-mm petri dish were irradiated with UV (365 nm) for 10 min at room temperature using a B-100AP UV lamp (Ultraviolet Products, Upland, CA) at a distance of 4 cm and collected (Mori & Ito, 2006) . The samples were separated by SDS-PAGE (7.5% or 12%) followed by Western blotting with anti-RodZ antibody as the primary antibody and goat alkaline phosphatase-conjugated anti-rabbit IgG antibody (Cell Signaling Technology) as the secondary antibody. 7-hydroxy-9H-(1,3-dichloro-9,9-dimet hylacridin-2-one) (DDAO; Life Technologies) was used as a substrate, and the signal was detected by Typhoon FLA 9500 (GE Healthcare Japan). To detect RodZ-3xFLAG, the samples were separated by SDS-PAGE followed by Western blotting with anti-FLAG (M2) antibody (Sigma) as the primary antibody and horseradish peroxidase-conjugated antimouse IgG antibody (Jackson ImmunoResearch) as the secondary antibody. ECL select Western Blotting Detection Reagent (GE Healthcare Japan) was used, and RodZ was detected by ImageQuant LAS4000 (GE Healthcare Japan). Antibodies then were removed from the membrane using Re-Blot Plus-Mild (Merck) according to the manufacturer's instructions, and the blot was reprobed by Western blotting with anti-RodZ antibody as the primary antibody and horseradish peroxidase-conjugated goat anti-rabbit IgG (Jackson ImmunoResearch) as the secondary antibody. RodZ was detected by ImageQuant LAS4000. Images were processed by Photoshop CS6 (Adobe). Intensities of each band were quantitated by ImageJ.
